Around 160 gamma-ray pulsars were discovered by the Fermi Large Area Telescope (LAT) since 2008. The most energetic of them, 12 objects with emission above 25 GeV, are suitable candidates for the detection with the current and future Imaging Atmospheric Cherenkov Telescopes above few tens of GeV. We perform an analysis of the Fermi-LAT data of these high-energy pulsars in order to determine if such objects can be detected with the Cherenkov Telescope Array (CTA). Our goal is to forecast the significance of their point source detection with CTA. We analyze 5 years of the Fermi-LAT data fitting the spectra of each pulsar at energies E >10 GeV with a power-law function. Assuming no spectral cut-off, we extrapolate the resulting spectra to the very high energy range (VHE, E >0.1 TeV) and simulate CTA observations of all 12 pulsars with the ctools software package. Using different analysis tools, individual CTA sensitivity curves are independently calculated for each pulsar and cross-checked with the ctools results. Our simulations result in significant CTA detections of up to 8 pulsars in 50 h. Observations of the most energetic Fermi pulsars with CTA will shed light on the nature of the high-energy emission of pulsars, clarifying whether the VHE emission detected in the Crab pulsar spectrum is present also in other gamma-ray pulsars.
(Vela), J1028−5819, J1048−5832, J1413−6205, J1809−2332, J1836+5925, J2021+3651, J2229+6114. These pulsars (HE Fermi pulsars; see Sect. 1.1) have been searched with the currently operating Imaging Atmospheric Cherenkov Telescopes (IACTs, see e.g. Weekes 2005) , such as the Major Atmospheric Gamma-Ray Imaging Cherenkov telescope (MAGIC, E >50 GeV, Aleksić et al. 2016) , the Very Energetic Radiation Imaging Telescope Array System (VERITAS, E >85 GeV, Park & for the VERITAS Collaboration 2015) and the High Energy Stereoscopic System (H.E.S.S., E >20 GeV, Hinton & the HESS Collaboration 2004; Hofverberg et al. 2013) . However, so far only two pulsars -the Crab pulsar and the Vela pulsar -were detected with IACTs at very high energies (VHE, E >100 GeV, for details see Sect. 1.2).
Considering their very energetic pulsed emission, these 12 HE Fermi pulsars are suitable targets for IACT investigations above few tens of GeV among the whole population of gamma-ray pulsars.
Fermi-LAT investigations of HE pulsars
HE Fermi pulsars are included in different Fermi-LAT catalogs such as, e.g. the Third source catalog (3FGL, Acero et al. 2015) , the Second catalog of gamma-ray pulsars (2PC, Abdo et al. 2013) , the First high-energy catalog (1FHL, Ackermann et al. 2013 ) and the Third high-energy catalog (3FHL, The Fermi-LAT Collaboration 2017). PSR J0835−4510 is also included in the Second high-energy catalog (2FHL, Ackermann et al. 2016) .
The spectral properties of their gamma-ray emission were investigated in a number of previous studies. Phase-resolved spectral analyses were performed for PSRs J0007+7303 (Abdo et al. 2012; Li et al. 2016) , J0534+2201 (Abdo et al. 2010b; Buehler et al. 2012 ), J0633+1746 (Abdo et al. 2010f ), J0835−4510 Abdo et al. (2010e) and J1836+5925 (Abdo et al. 2010c ). Phase-averaged spectra were obtained in J0614−3329 (Ransom et al. 2011 ), J0835−4510 (for E >50 GeV, Leung et al. 2014) , J1028−5819 (Abdo et al. 2009a ), J1048−5832 (Abdo et al. 2009c ) and J2229+6114 (Abdo et al. 2009c) , J1413−6205 (Saz Parkinson et al. 2010 ) and J2021+3651 (Abdo et al. 2009b) .
When studying the high-energy pulsed emission from pulsars it is important to account for the OP emission. It can originate in the magnetosphere of the pulsar (with a spectral cut-off) and/or in the surrounding pulsar wind nebula (PWN, without a spectral cut-off, Abdo et al. 2013) . The OP emission in the Crab pulsar is dominated by the surrounding PWN (Crab nebula). In the Fermi-LAT energy range it can be modeled as a sum of two power laws (Abdo et al. 2010b) or as a sum of a power-law and a smoothly broken power-law component (Buehler et al. 2012) . The OP emission in the Vela pulsar is dominated by the extended PWN associated with the Vela X source. Abdo et al. (2010d) fitted the Fermi-LAT data of this PWN with a power-law model. A more detailed analysis of the Vela X region (Grondin et al. 2013) shows that a broken power law describes its gamma-ray spectrum better than a simple power law. In addition, PSRs J0007+7303 and J1413−6205 show prominent OP point source emission in gamma-rays (see Abdo et al. 2012; Li et al. 2016; Saz Parkinson et al. 2010) . The spectra of these OP components can be modeled with a power law (for PSR J0007+7303) and a power law with an exponential cut-off (for both PSRs J0007+7303 and J1413−6205). The OP emission in PSRs J0633+1746 and J1836+5925 most probably is the own pulsar emission (Abdo et al. 2010f,c) . A spectral analysis of the offpeak emission performed within the framework of 2PC confirmed significant OP emission also in PSRs J0007+7303, J0534+2201, J0633+1746, J0835−4510, J1809−2332 and J1836+5925 (Abdo et al. 2013 ).
IACTs investigations of HE Fermi pulsars
VERITAS observations (Aliu et al. 2013 ) discovered TeV emission from the supernova remnant CTA 1 1 , which is situated near PSR J0007+7303 (5 apart) and associated with TeV emission from the corresponding PWN. Both the Crab pulsar and PWN were detected with IACTs in the VHE range. The Crab nebula was detected already with Whipple (Weekes et al. 1989 ) and HEGRA (Aharonian et al. 2004 ) and then it was investigated with all three currently operating Cherenkov telescopes (MAGIC, Aleksić et al. 2012a Aleksić et al. , 2015 VERITAS, Aliu et al. 2014a ; H.E.S.S., Aharonian et al. 2006b ). The discovery of new unexpected VHE gamma-ray emission (up to TeV energies) from the Crab pulsar (Aliu et al. 2011; Aleksić et al. 2012b Aleksić et al. , 2014 Ansoldi et al. 2016 ) put rather strong constrains on emission models. The existence of VHE photons requires an emission region located in the outer parts of the pulsars magnetosphere or even outside it. Different theoretical interpretations of the subTeV/TeV gamma-ray emission from the Crab pulsar are reported in e.g. Bogovalov & Aharonian (2000) ; Lyutikov et al. (2012) ; Du et al. (2012) ; Bednarek (2012) ; Aharonian et al. (2012) ; Lyutikov (2013) ; Hirotani (2015) ; Mochol & Pétri (2015) . The Vela X region was studied by the H.E.S.S. Collaboration in the 0.75-70 TeV energy range (Aharonian et al. 2006a; Abramowski et al. 2012) . The detection of pulsations at 20−120 GeV with H.E.S.S. has been recently reported also for the Vela pulsar 2 . With the current statistics its spectrum is compatible with a power-law model. The VHE source HESS J1026−582, which is coincident with PSR J1028−5819, was discovered with H.E.S.S. (H.E.S.S. Collaboration et al. 2011) . PSR J2021+3651 can be one of the possible contributors to the VHE emission from the bright extended source MGRO J2019+37, which was observed with VERITAS (Aliu et al. 2014b) . VHE emission was seen with VERITAS at the position of PSR J2229+6114 during an observation of G106.3+2.7 (Acciari et al. 2009 ). The upper limit estimates obtained for PSR J2229+6114 with MAGIC are reported in De los Reyes et al. (2009) . No significant pulsed emission from PSR J0633+1746 was observed with VERITAS above 100 GeV (Aliu et al. 2015 ) and with MAGIC above 50 GeV (Ahnen et al. 2016 ).
HE Fermi pulsars with the Cherenkov Telescope Array
More detailed investigations of the point source emission from the 12 HE Fermi pulsars in VHE gamma-rays will be possible with the future ground-based IACT installations as the Cherenkov Telescope Array (CTA, see e.g. de Oña-Wilhelmi et al. (2013) for the prospects for observations of VHE pulsars and Burtovoi & Zampieri (2016) for the VHE timing analysis of the Crab pulsar). This Cherenkov instrument will be a next-generation facility, consisting of two arrays in the northern and southern hemispheres (CTA-North and CTASouth) with more than one hundred telescopes in total (Actis et al. 2011; Acharya et al. 2013 ). CTA will observe the sky over the energy range from a few tens of GeV to more than 100 TeV. The declared sensitivity, which reaches ∼ 3 × 10 −3 Crab Unit flux 3 at 1 TeV (Bernlöhr et al. 2013) , is an order of magnitude better than that of the present IACTs (MAGIC, VERITAS, H.E.S.S.).
In this work our goal is to estimate how many pulsars detected with the Fermi-LAT above 25 GeV would be detectable with CTA above 0.04 TeV and especially at VHE. We perform a power-law fitting of the spectra of 12 HE Fermi pulsars in order to determine their spectral slope at energies E >10 GeV. Extrapolating the power-law spectra to VHE, we simulate CTA observations of these objects and estimate the significances of their point source detection with the ctools software (Knödlseder et al. 2016) . The assumption concerning the power-law spectral behavior of pulsars at energies >100 GeV is motivated by the detection of the Crab pulsar at VHE. Therefore, in this respect, our estimates of the CTA detectability of the HE Fermi pulsars may be considered somewhat optimistic. In addition to the pulsars simulations, we also calculate independently CTA sensitivity curves for each pulsar, comparing them with results of the ctools analysis. Our results are compared with similar estimates reported in 1FHL (Ackermann et al. 2013 ) and in de Oña-Wilhelmi et al. (2013) .
The outline of the paper is the following. In Sect. 2 we present the spectral analysis of the Fermi-LAT data. The simulation of CTA observations in the VHE band and the calculation of CTA sensitivities are described in Sect. 3. The main results and a discussion can be found in Sects. 4 and 5, respectively. Conclusions are reported in Sect. 6.
ANALYSIS OF THE Fermi-LAT DATA
We perform an analysis of 12 HE Fermi pulsars using the data acquired during about 5 years of the Fermi-LAT sky survey. For each pulsar direction we extract events with energies from 10 up to 500 GeV, within the time interval shown in Table 1 and from a region of interest (ROI) of 2 • centered on the position of the pulsar (Table 1) . With this ROI both an adequate coverage of the whole Fermi-LAT PSF (0.8 • at 10 GeV for a 95% containment radius 4 ) and a proper treatment of the background diffuse emission are achieved (Ackermann et al. 2013) . The time intervals used here correspond to the epochs within which the ephemerides of the pulsars are valid (see Sect. 2.1). In our analysis we consider events with zenith angles of less than 90 • , in order to avoid including photons coming from the Earth limb.
Typical gamma-ray spectra of pulsars show a steep decline at ∼1-10 GeV (see e.g. Abdo et al. 2013 ). Conventionally it is described with a Power Law Exponential Cut-off (PLEC) model:
where N 0 is the normalization factor, γ the spectral index, E c the cutoff energy, E 0 a reference energy and b an additional free parameter. With the aim of achieving a more accurate characterization of the high-energy part of the pulsars spectra above their typical cut-off energy, in this work we perform a spectral fit of the pulsars spectra above 10 GeV using a power-law model:
For the spectral fit we use the binned likelihood analysis tool 4 http://www.slac.stanford.edu/exp/glast/groups/canda/ lat_Performance.htm gtlike from the Fermi Science Tools software package v10r0p5 5 . We also accounted for the energy dispersion. The adopted instrument response (IRF) is P8R2_SOURCE_V6. We fit the Fermi-LAT data with a model consisting of background emission and nonbackground point-like and diffuse sources. The background component represents both the Galactic (gll_iem_v06) and isotropic diffuse emission (iso_P8R2_SOURCE_V6_v06) 6 . The latter sums up the contribution of the extragalactic and instrumental backgrounds. We keep the normalizations of both background components as free parameters. Finally, in our spectral model we include all point and diffuse sources within a radius of ∼3 • (from the center of the ROI) that are listed in the 3FGL catalog and have a value of Test Statistic 7 (TS) 25.
Folded light curves
We folded the light curves of each pulsar extracted from the ROI (Fig. 1 ) using the TEMPO2 software package (Hobbs et al. 2006) and the ephemerides 8 reported in Kerr et al. (2015) , which are valid within the epochs listed in Table 1 . We define the on-and off-peak phase intervals (Table 2 ) using the Knuth's rule algorithm (Vanderplas et al. 2012; Ivezić et al. 2014) , which provides a good determination of the pulsars peaks. Only for the Crab pulsar we use the Bayesian Block algorithm that provides better estimates of the phase intervals for light curves with relatively narrow peaks ( Vanderplas et al. 2012; Ivezić et al. 2014) . 10 out of 12 HE Fermi pulsars show a pulse profile with at least two peaks and bridge emission. The two exceptions are PSRs J0007+7303 and J2229+6114. These pulsars (Figs. 1a, 1l) appear to have two closely spaced peaks or only one peak, respectively (Abdo et al. 2012 (Abdo et al. , 2009c . PSR J0835−4510 (Vela pulsar) has a more complex pulse shape with 3 peaks and bridge emission overlapping with each other (Abdo et al. 2010e) . For this pulsar we consider a single on-peak interval comprising all peaks and any possible bridge emission (Fig. 1e) . It should be noticed that only two events are detected from PSR J1836+5925 at energies E >25 GeV (Fig. 1j) . As in Ackermann et al. (2013) these events were considered significant 9 , we include PSR J1836+5925 in the present analysis.
Phase-folded spectral analysis at energies E >10 GeV
We perform separate spectral fits of the off-and on-peak intervals to achieve a better background subtraction. The treatment of the OP emission follows the method described in Abdo et al. (2010a) . Data from the off-peak intervals were fitted with a model in which the pulsar is replaced by a point-like source with OP emission. A powerlaw model with a free normalization parameter and spectral index was used to describe the high-energy (E >10 GeV) OP emission in all pulsars. Gray and black histograms (y-axis on the right) correspond to events with energies E >10 GeV and E >25 GeV, respectively. White histograms (y-axis on the left) correspond to energies E >100 MeV and are shown for comparison. Counts at energies E >100 MeV (E >10 GeV/25 GeV) are extracted from a region with a radius of 14 • (0.8 • , 95% containment radius). Vertical dashed lines mark the on-peak, off-peak and bridge phase intervals for energies above 10 GeV (see Table 2 ).
In case the Galactic background, the extragalactic background and/or the OP component are significant in the off-peak spectral fit (TS 9), we include them in the on-peak spectral analysis, renormalizing their spectra according to the ratio (∆φ on /∆φ off ) of the on/off-peak phase intervals (see Table 2 ) and fixing their spectral parameters. In case of non-significant detection of these components in the off-peak spectral fit, the background is still considered in the on-peak analysis with free normalization parameters, while the OP is not included.
After dealing with the background and OP emission as described above, we fitted the on-peak peak emission (without the bridge) from the central pulsar using a power-law model (equation 2).
Unlike other pulsars, the OP emission of the Vela pulsar is produced by a source which extends beyond the Fermi-LAT PSF (∼0.8 • at 10 GeV for a 95% containment radius) -the Vela PWN. We model this source using a disk spatial template with the parameters reported in 3FGL (uniform disk with radius of 0.88 • centered on the coordinates α = 128.29 • and δ = −45.19 • ). To achieve a better accuracy on the determination of the Vela PWN spectrum we perform a phase-averaged spectral analysis, considering all phases and fitting simultaneously the pulsar and PWN emission. Systematic uncertainties on the spectral parameters of pulsars are estimated using the method described in Ackermann et al. (2012) . The systematics at high energies are dominated by the uncertainty in the effective area of the Fermi-LAT. Following the general caveats on the Pass 8 analysis, we redo the analysis with two different energy-dependent effective areas, which bracket the total uncertainty in the effective area 10 . The corresponding spectral fits bracket the uncertainty in the fitted parameters. For the spectral index an energy-dependent function is usually multiplied by the two aforementioned (piece-wise continuous) functions to maximize the effect of the uncertainty on it (see Ackermann et al. 2012, equation 29) .
We also calculated the spectral energy distribution of HE Fermi pulsars and corresponding OPs, dividing the energy range from 10 to 500 GeV into eight energy bins (see Figs. 2 and 3) . For all pulsars, we use a power-law model with free normalization factor and fixed spectral index (γ = 2.0). We also left free to vary normalizations of all other sources inside 3 • considered in our analysis, since different slopes and spectral shapes have a small influence on the resulting value of the flux in such narrow energy bins. If TS i of the i-th bin is <9, we consider an upper limit to the pulsar flux in that bin, provided by the Fermi Science Tools.
SIMULATION OF CTA OBSERVATIONS
In this work we use two methods to study the detectability of HE Fermi pulsars in the VHE range. Sect. 3.1 describes the analysis car- 10 We use energy-dependent effective areas, which linearly connect differences of ±3%, ±3%, ±15% at log(E/MeV of 4, 5, 6, respectively, from the nominal curve (see http://fermi. gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html and http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/ Aeff_Systematics.html#bracketing).
ried out using ctools 11 , a prototype software package developed for the scientific analysis of CTA data (Knödlseder et al. 2016 ). Sect. 3.2 describes how to use the CTA standard (non-pulsed) IRFs to calculate pulsed CTA sensitivities for each of the simulated pulsars, taking into account both their duty cycle and nebula contribution.
ctools analysis
Assuming a power-law spectral behavior at VHE, we extrapolated the high-energy (E >10 GeV) spectral fits of the 12 HE Fermi pulsars obtained in Sect. 2 to the VHE range and then simulated observations of these sources with CTA using the ctools software, tool ctobssim. Because of the different position on the sky, some pulsars, like PSRs J0007+7303, J0534+2201, J0633+1746, J1836+5925, J2021+3651 and J2229+6114, will be better observable from the northern hemisphere, i.e. with CTA-North, while others (PSRs J0614−3329, J0835−4510, J1028−5819, J1048−5832, J1413−6205 and J1809−2332) with the CTA-South installation. We take this into account by using CTA-North and CTA-South configurations 12 in our simulations. The CTA-South array will consist of 4 large-size telescopes (LSTs, 24-meter diameter), 24 mediumsize telescopes (MSTs, 12-meter dish) and 72 small-size telescopes (SSTs, 4-meter diameter) 13 , whereas CTA-North -of 4 LSTs and 15 MSTs (Hassan et al. 2015) . IRFs of these configurations were derived from detailed Monte Carlo simulations of 50 h observations of a point source with 1 Crab Unit flux, observed at a 20 • zenith angle and located at the center of the field of view. We assumed that the northern CTA installation will be located in La Palma, Spain We note, that observations at zenith angles below 20 • with CTA-North and CTA-South are possible only for some of the HE pulsars (J0534+2201, J0614−3329, J0633+1746, J0835−4510, J1809−2332 and J2021+3651, see Table 3 ). Other pulsars culminate at zenith angles above 30 • , which will lead to larger energy thresholds (up to ∼100 GeV). Comparing CTA sensitivity curves calculated for 20 • and 40 • zenith angles (see Hassan et al. 2017) , we estimate that the sensitivity of CTA during observations at high zenith angles (40 • ) will be ∼1.2 times worse than that during observations at 20 • zenith angle in the energy range 0.1−0.2 TeV.
Simulations are performed with a ROI of 3 • × 3 • , centered on the pulsar position. The duration of the observations is 50 h. The input spectral model to simulate consists of the pulsar spectrum obtained from the Fermi-LAT data and extrapolated to VHE, and the isotropic cosmic-ray background of CTA. In case of significant OP detection during the high-energy off-peak Fermi-analysis, we add the corresponding extrapolated power-law component into the VHE model, re-normalized to the total phase interval.
We also simulate the contribution from the Galactic diffuse background (GDB), assuming that its spatial distribution near a Table 2 . On-/off-peak and bridge phase intervals of our sample of pulsars at energies above 10 GeV. P1 and P2 (if present) correspond to the first and second peaks, respectively (see text for details). pulsar can be approximated as uniform and that its spectrum is an extrapolation of the power-law model obtained from the Fermi-LAT data above 10 GeV. To determine the spectral slope of the GDB we perform an additional spectral fit of the off-peak Fermi-LAT data (E >10 GeV). For this, we fix all components with the spectral parameters resulting from the high-energy off-peak analysis described in Sect. 2 and replace the "standard" Fermi Galactic background (gll_iem_v06 template) with a model consisting of a uniform spatial distribution and a power-law spectrum 15 . As mentioned above, the OP emission in the Crab and Vela pulsars has been investigated in detail at VHE with the currently operating IACTs. We perform VHE simulations adopting a logparabola spectral model for the Crab nebula at 0.05−30 TeV (Aleksić et al. 2015 ) and a power-law model with an exponential cut-off for the Vela PWN at 0.75-70 TeV (Abramowski et al. 2012) . We extrapolated these spectra down to 0.04 TeV (dot-dashed lines in Figs. 3a and 3c) . In order to simulate the extended Vela X emission region, we use a spatial model which corresponds to a uniform disk 15 Normalization factor N 0 and spectral index γ of the GDB are left free to vary.
with a radius of 1.2 • , centered at the coordinates α = 128.75 • and δ = −45.6 • . This new template differs from the one used in our Fermi-analysis. It covers an area on the sky where VHE emission from Vela X has been detected with H.E.S.S. (Abramowski et al. 2012) .
We carry out analogous simulations with reduced background and reduced OP contamination to mimic the results expected from an analysis of the sole on-peak phase intervals (hereafter we refer to this as the reduced-background analysis). With this it is possible to take into account different duty cycles of the pulsars. We renormalize the background/OP contribution to the high-energy on-peak phase interval (∆φ on ), without changing the pulsars spectra.
We fit simulated data and estimate the significance S of pulsars detection in four energy bins (E >0.04, E >0.1, E >0.25 and E >1 TeV) using the tool ctlike. This tool performs the unbinned maximum likelihood analysis of data simulated with ctobssim. The square root of the output parameter TS roughly corresponds to the detection significance in Gaussian sigmas. In our analysis, the source is considered to be significantly detected, if S ≡ √ T S 5. An optimistic/pessimistic value of the significance S for each pulsar is estimated in the following way, propagating the statistical uncertainties on the high-energy power-law spectrum (equation 2). Using the covariance matrix obtained in the Fermi likelihood analysis, we can write:
where F opt /F pes are considered as optimistic/pessimistic approximations of the pulsar spectrum. In equation (3) ∂F/∂N 0 and ∂F/∂γ correspond to the partial derivatives of the pulsar spectrum F with respect to N 0 and γ, respectively. σ 2 N 0 , σ 2 γ and σ N 0 γ are diagonal and non-diagonal elements of the corresponding covariance matrix, respectively. We repeat VHE simulations for all pulsars with F opt and F pes spectra, obtaining a range of significances. Similar simulations were performed to estimate how systematic uncertainties propagate on S.
Calculation of CTA sensitivity to gamma-ray pulsars
In order to provide a cross-check for the forecast described in the previous section, an independent analysis is performed to calculate the achieved 50 h sensitivity on each of the studied pulsars, directly from CTA IRFs. In order to do so, we need to take into account the main differences between standard and pulsed IACT analyses. To reduce the overwhelming population of cosmic-ray background, two different cuts are applied, optimizing the multiplicity, background rejection parameter (hadronness) and direction (θ 2 ) of each event:
(i) Image parameters are used to calculate the likelihood of an event to represent a gamma-ray or cosmic-ray shower. This information is then used to apply a quality cut, selecting only the reconstructed events producing shower images similar to the ones expected from gamma-rays.
(ii) Making use of the reconstructed arrival direction of each event, only those which agree with the location of the expected gamma-ray emitting source are selected.
In this analysis we calculate sensitivity curves requiring a significance of 5 sigma in each energy bin. In addition, the number of excess events in each bin is required to be larger than 10 and also larger than 5% of the background rate (see Bernlöhr et al. 2013; Hassan et al. 2015) . We note that here the significance is calculated using equation 17 from Li & Ma (1983) , whereas in the ctools simulations (see Sect. 3.1) it is assumed to be equal to the square root of the TS parameter.
In the case of pulsars analysis, gamma-ray periodic emission is expected in specific time periods (while cosmic-ray background is uniform in time), allowing additional background suppression by selecting the events with timestamps coherent with each pulsar ephemerides. The efficiency of this additional suppression is proportional to the pulsar duty cycle: the narrower the gamma-ray peak is, the larger percent of background events that will be suppressed.
These considerations are added to CTA sensitivity calculations (Hassan et al. 2015) by decreasing background rate proportionally to the duty cycle of each pulsar (see the values of on-peak phase intervals ∆φ on in Table 2 ). In the case of pulsars located within gamma-ray nebulae, we added another background component in order to account for the PWN contribution to the background. For the Crab and Vela pulsars we used the spectra of the corresponding PWNe from Aleksić et al. (2015) and Abramowski et al. (2012) , respectively. Although the extended TeV emission around other HE Fermi pulsars has been detected with IACTs (see Acciari et al. 2009; H.E.S.S. Collaboration et al. 2011; Aliu et al. 2013 Aliu et al. , 2014b , the CTA (point-source) sensitivity for all pulsars except Crab and Vela is calculated assuming that the background contribution from the surrounding nebula emission is negligible below 1 TeV.
RESULTS

High-energy spectral analysis above 10 GeV
Results of the spectral analysis (off-and on-intervals) of the Fermi-LAT data at energies E >10 GeV are listed in Table 4 . In Fig. 2 the best fitting high-energy spectra of 12 HE Fermi pulsars are shown. We compared the spectra with those from different Fermi catalogs (3FGL, 2PC and 1FHL). In 2PC and 3FGL power-law models with an exponential (PLEC with b fixed to 1) and sub-exponential (PLEC with b < 1) cut-off were used to fit the spectra of different pulsars in the full Fermi-LAT energy range (0.1-100 GeV, see Fig. 2 ). The fit of the high-energy emission of the pulsars, reported in 1FHL, was performed with a simple power-law model. The 1FHL spectrum of the Crab pulsar is not shown in Fig. 2b since the spectral analysis in 1FHL was performed without removing the Crab nebula, which is dominating above 10 GeV. For comparison, in Fig. 2b we show the results of power-law spectral fits of both the Fermi-LAT and MAGIC data of the Crab pulsar, performed by Ansoldi et al. (2016) . We also checked that our spectra are consistent with those from the recently published high-energy Fermi catalogs 2FHL and 3FHL (not shown in Fig. 2) .
We estimated the systematic uncertainties on the spectral parameters of pulsars (see Sect. 2.2) and found that the relative systematic variation of the normalization factor δN 0 /N 0 is about 3% and the absolute variation of the spectral index δγ is about 0.05.
Significant OP emission (TS 25) was detected in PSRs J0534+2201, J0633+1746, J0835−4510, J1809−2332 and J1836+5925. Their spectral parameters, renormalized to the total phase interval, are shown in Table 4 , together with corresponding TS-values (TS OP ). For all other pulsars no significant OP component was found above 10 GeV during the off-peak high-energy analysis of the Fermi-LAT data. In Fig. 3 we compare the OP spectra with those from the literature (3FGL, 2PC, 2FHL; see references in Table 4 ) and with those detected at VHE (hatched butterfly plots in Figs. 3a, 3c ) 16 . The spectrum of Vela X obtained from our analysis is consistent with that presented in 3FHL. In Fig. 3d we show only the mean value of the 2PC spectrum of the OP emission in PSR J1809−2332, because of the relatively high uncertainties in the corresponding spectral parameters.
In Fig. 3 we compare the OP spectra with publicly available CTA sensitivity curves 17 , calculated considering only the cosmicray background and taking the duty cycle equal to 1.
In order to include the GDB component in our simulations, we estimated its emission above 10 GeV around each pulsar assuming a power-law spectral shape and uniform spatial distribution. We detected significant emission from the GDB around all pulsars, except PSRs J0007+7303, J0633+1746, J1836+5925 and J2021+3651 (see Table 5 ). However, the contribution of the GDB to the total VHE background around the pulsars of our sample is not higher than 1% and, therefore, negligible in our simulations.
Simulated CTA observations
Using the results of the spectral fitting at energies E >10 GeV, we extrapolated the pulsar emission at VHE and simulated CTA observations of these objects. We consider observations with the northern or southern CTA installations (CTA-North and CTA-South). Simulations were performed including the isotropic background and the extrapolated VHE emission of the GDB (if present, see Table 5 ). The resulting significances S of the pulsar point source detections in different energy bins (E >0.04, E >0.1, E >0.25 TeV) calculated for all events (phase average analysis, VHE-PhA) and considering the events from the reduced-background analysis 18 (VHE-RB) are listed in Table 6 . We obtained that the range of significances for each pulsar is dominated by the statistical uncertainties of its spectrum.
Residual and TS maps of the HE Fermi pulsars for reducedbackground simulations (VHE-RB) at energies E >0.1 TeV are 16 In 3FGL the emission of the Crab nebula is fitted with the sum of two power-law models (inverse-Compton and synchrotron components, see Fig.  3a ). Log-parabola and PLEC models were used to fit the MAGIC data of the Crab nebula (Aleksić et al. 2015) and the H.E.S.S. data of Vela X (Abramowski et al. 2012) , respectively. 17 https://portal.cta-observatory.org/Pages/ CTA-Performance.aspx 18 Reduced-background simulations with renormalized background are performed to mimic the results of the on-peak analysis (see Sect. 3.1). Fig. 2b corresponds to the joint Fermi-LAT and MAGIC power-law spectral fit found by Ansoldi et al. (2016) . Black dots show the the Fermi-LAT spectral energy distribution (SED) in different energy bins (upper limits correspond to TS i < 9, see text for details). Only statistical errors are considered in all butterfly plots and spectral energy distribution measurements. Individual CTA 50 h sensitivity curves calculated for each pulsar, with its own duty cycles (∆φ on , marked as solid lines) and, if present, OP emission (marked as dashed lines), are shown in black. Table 4 . Results of the spectral fits at energies E >10 GeV for our sample of high-energy Fermi pulsars. Best fit spectral parameters of the off-peak emission and the TS-values of the OP components are reported in the second and third columns, respectively. Normalization factors from the off-peak analysis are renormalized to the total phase interval. Power-law spectra of the pulsars obtained from the on-peak analysis and references to previous spectral analyses are reported in the last two columns.
Pulsar off-peak analysis TS OP on-peak analysis Refs.
Notes. N 0 is the normalization factor in units of 10 −14 cm −2 s −1 MeV −1 and γ is the spectral index (see equation 2). The reference energy E 0 used in the analysis is equal to 20 GeV. Errors include only statistical uncertainties. a For the Vela pulsar we perform phase-averaged analysis, fitting the OP and pulsar emission simultaneously. The OP component dominated by extended emission from the Vela PWN was analyzed assuming a disk spatial template (from 3FGL) and a power-law spectral model (see text for details). shown in Figs. 4 and 5, respectively. These maps were obtained with ctools, assuming the optimistic approximation of the pulsar spectrum reported in equation 3. The Vela pulsar in Fig. 4e is shown with its PWN.
The spectral models of the OP emission in the Crab and Vela pulsars used in our VHE simulations are taken from Aleksić et al. (2015) and Abramowski et al. (2012) , respectively. OP components significantly detected in other pulsars (PSRs J0633+1746, J1809−2332 and J1836+5925) have rather uncertain spectral parameters above 10 GeV (see Table 4 ) and their fluxes are below detectability in a 50 h CTA observation (see Fig. 3 ). Although we included them in the VHE simulations, their contribution can be considered negligible.
PSRs J0007+7303, J1028−5819, J1048−5832, J1413−6205, J1836+5925 and J2229+6114 culminate at zenith angles above 30 • (see Table 3 ) and, thus, low-energy CTA observations (<0.1 TeV) of these pulsars will not be efficient. The typical value of the energy threshold for high zenith angle observations assumed here is 0.1 TeV. Detection significances of these pulsars at energies E >0.04 TeV are listed in Tables 6 and 7 for comparison. As shown in Table 6 (column 3), the simulated CTA observations show significant detections 19 above 0.04 TeV for PSRs J0534+2201, J0614−3329, J0835−4510 and J1809−2332. Pulsars J0007+7302, J1028−5819 and J2229+6114 (in brackets in Table  6 ) would be in principle detectable with CTA at low energies (E > 0.04 TeV) if they were observed at a 20 • zenith angle.
Above 0.1 TeV, CTA will significantly detect PSRs J0534+2201, J0614−3329, J0835−4510, J1028−5819 and J2229+6114. In addition, pulsars J0007+7302, J1413−6205 and J1809−2332 will be detected in 50 h after off-peak background subtraction (Table 6 , column 7). A longer observing time is required for a significant detection of other pulsars with CTA above 0.1 TeV. PSRs J0534+2201, J0614−3329 and J0835−4510 can be detected at energies E >0.25 TeV in the phase-averaged analysis, while other 2 pulsars J1028−5819 and J2229+6114 turn out to be detectable in the reduced-background analysis. PSR J0614−3329 can be marginally detected above 1 TeV with S = 4.0 +3.2
in 50 h considering on-peak phase intervals (reduced-background analysis). Although in our analysis we considered S=5 as the detection threshold, we found that PSRs J0534+2201 and J2229+6114 will be also marginally detectable with CTA in 50 h at energies E >1 TeV (reduced-background analysis, performed assuming the optimistic approximation for the spectrum of each pulsar) with a significance S=4 and S=4.3, respectively. Individual CTA sensitivity curves, which account for different duty cycles and the possible contribution of OP components (see Sect. 3.2), were calculated for 12 HE Fermi pulsars. Result are shown in Figs. 6 and 7 along with the extrapolated power-law spectra of each pulsar.
DISCUSSION
We presented an analysis of 12 HE Fermi pulsars at high energies (E >10 GeV). We performed the spectral fitting of both the on-and off-peak emission and compared the results of our Fermi-analysis with those from the literature (Table 4) and from the Fermi catalogs (3FGL, 2PC, 1FHL, 2FHL and 3FHL). While the pulsars spectra from the Fermi catalogs refer to both the peak and bridge emission, our analysis focuses only on the peak emission (without the bridge). Since the bridge emission is rather faint at energies E >10 GeV, in all cases the spectra obtained here are consistent with those from the catalogs. We compared the Crab pulsar spectrum from our analysis with that from Ansoldi et al. (2016) , who report a less energetic spectrum of the on-peak emission (both peaks) in the energy range from 10 GeV to 1.5 TeV (cmp. red and hatched butterfly plots in Fig. 2b ). This is due to the broader on-peak phase interval of the Crab pulsar used here (∆φ on = 0.126) as compared to that adopted by Ansoldi et al. (2016) : ∆φ M = 0.088.
We then simulated CTA observations of our sample of 12 HE Fermi pulsars. We calculated the significances of pulsar detection, assuming that the VHE pulsar spectrum is an extrapolation of the high-energy power-law Fermi spectral fit above 10 GeV. We note that our estimates of the CTA detectability can be considered as optimistic, since a cut-off may be present in the pulsars VHE emission. So far, there are only two pulsars, for which significant pulsations have been detected with ground-based Cherenkov telescopes -the Crab pulsar (MAGIC, Aleksić et al. 2012b Aleksić et al. , 2014 Ansoldi et al. 2016; VERITAS, Aliu et al. 2011 ) and the Vela pulsar (H.E.S.S. 20 ). According to our calculations CTA will probably detect ∼5-8 HE Fermi pulsars in 50 h in the VHE range (E >0.1 TeV). Although the angular resolution of CTA improves with energy 21 (see e.g. Bernlöhr et al. 2013) , which tends to lead to an improvement in the detection significance because of the decrease in the isotropic background contamination, only 3 pulsars (J0534+2201, J0614−3329 and J0835−4510, with rather flat spectra and high fluxes; see Table 4) are bright enough to be detectable with CTA above 0.25 TeV. PSR J2229+6114 has a spectral index smaller than that of PSR J0614−3329, but it is not significantly detected because of the lower flux.
In addition to the phase-averaged point source detection, we calculated also the S-values for the reduced-background simulations (see columns 6-8 in Table 6 ). This choice decreases the background contamination from the off-peak phase intervals and increases the signal-to-noise ratio, leading to higher detection significances as compared to the phase-averaged ones. Different gamma-ray observations (Abdo et al. 2010b; Aliu et al. 2011; Aleksić et al. 2012b; Ackermann et al. 2013; Aleksić et al. 2014; Ansoldi et al. 2016) showed that there is a trend of narrowing of the pulsars peaks with energy. Therefore, in this respect our results can be considered as rather conservative. Clearly, in order to perform this type of measurements a knowledge of the accurate pulsars ephemerides is required, which can be obtained from simultaneous low-energy observations (e.g. radio, optical, X-rays or gamma-rays). Considering the events from the reduced-background analysis, we obtain significant detections at energies E >0.25 TeV also for pulsars J1028−5819 and J2229+6114. Above 1 TeV, PSRs J0614−3329 and J2229+6114 are sufficiently bright to be marginally detectable. Despite the harder high-energy spectrum (γ = 3.0), a simulation of a 50 h observation of the Crab pulsar above 1 TeV also yields a marginal detection (S=4) because of the contamination from the bright point-like (in gamma-rays) Crab nebula. This result is consistent with the simu- lations presented by de Oña-Wilhelmi et al. (2013) . It also demonstrates an improvement of the CTA performance compared with the currently operating IACTs. For example, the MAGIC telescope detected the interpulse (P2) of the Crab pulsar at a significance "3.5-sigma" above 0.95 TeV with a much larger observing time of ∼320 h (Ansoldi et al. 2016 ).
The two independent analyses presented here (Sects. 3.1 and 3.2) show consistent results (see Fig. 2 and Table 6 ). Only the extrapolated spectrum of PSR J0614−3329 at energies E >1 TeV turns out to be below the CTA sensitivity curve (Fig. 2c) . However, as described in Sect. 3.2, we require 10 photons for a significant detection of the source. Such a condition is not satisfied in the ctools sensitivity calculation. Taking all this into account, the probability of detecting this pulsar at energies E >1 TeV is marginal.
In Figs. 6 and 7 we compare the CTA sensitivity curves calculated for a 50 h observation and for different duty cycles of the HE Fermi pulsars (from ∼0.1 up to ∼0.5). The improvement of the CTA sensitivities obtained for the pulsars as compared to that with duty cycle equal to 1 can be as high as a factor of ∼2 for both CTA-North and CTA-South at energies E 1 TeV. Above ∼10 TeV, where the sensitivity of CTA is signal limited, the background suppression due to different duty cycles does not play an important role and the difference between sensitivity curves becomes negligible. Moreover, significant variation from the public sensitivity curve can occur if other sources -e.g. surrounding PWNe -provide an additional contribution to the background. As shown in Figs. 6 and 7 (dashed lines), for the Crab pulsar the PWN contribution becomes significant at intermediate energies (0.2-30 TeV) while, for the Vela pulsar, at higher energies (1-30 TeV). At lowest energies (E 0.1 TeV) the PWN contribution is less crucial since the CTA sensitivity is limited manly by the background systematics (for details see e.g. Bernlöhr et al. 2013) .
As mentioned in Sect. 3.2, we used the following criteria to simulate the CTA sensitivity curves for each pulsar from our sample:
(i) significance of 5 sigma in each energy bin, (ii) number of excess events (N ex ) larger than 10 in each energy bin, (iii) number of excess events larger than 5% of the background rate (N bg ) in each energy bin.
The ratio ξ = N ex /(5% N bg ) mentioned in criterion (iii) scales linearly with the duty cycle. At low energies (E 0.1 TeV), where . Sensitivity curves for a 50 h observation with the CTA-North array (black lines), calculated for the different duty cycles of the pulsars of our sample (shown on the top-left). The dashed black line corresponds to the sensitivity curve calculated for the Crab pulsar accounting for both its duty cycle and the OP emission of its nebula. The colored solid lines are the best fits of the pulsars spectra at energies E >10 GeV. The public 50 h CTA-North sensitivity curve (blue bars; duty cycle equal to 1) and the 100%, 10% and 1% Crab nebula spectra (gray dotted lines, Aleksić et al. 2015) are shown for comparison. The bottom panels show the sensitivities normalized to the public 50 h CTA-North sensitivity curves. the background systematics are significant, the denominator is large and the criterion ξ > 1 becomes more stringent than the other two. On the other hand, at energies E 10 TeV the background is not larger than a few counts per energy bin and, therefore, the more stringent criterion is (ii). In this case, as the number of excess events N ex scales linearly with observing time, this requirement does not depend on the duty cycle. At intermediate energies, the CTA sensitivity is determined mainly by criterion (i). The significance then scales with the square root of the observing time and with the inverse of the square root of the duty cycle.
Analyzing the Fermi-LAT data at energies above 10 GeV, we found significant OP components in PSRs J0633+1746, J1809−2332 and J1836+5925, which most probably have magnetospheric origin (see e.g. Abdo et al. 2010f,c, 2013 . However, recently TeV emission from the extended PWN has been possibly detected near PSR J0633+1746 with the HAWC instrument (Baughman et al. 2015) . Further investigations of these sources will be crucial to clarify the mechanism of the OP emission in these pulsars.
We also obtained significant OP components in the Crab and Vela pulsars, which correspond to the surrounding nebulae. The spectrum of the Crab nebula obtained here from the Fermi-LAT analysis is consistent with that from 2FHL. However, as shown in Fig. 3a , above 0.3 TeV our power-law spectral fit it harder than the log-parabola model obtained fitting the VHE MAGIC data (Aleksić et al. 2015) . The spectrum of the Vela PWN obtained here shows a different spectral slope at energies E >50 GeV as compared to that from 2FHL, because in the latter, the larger dataset of was considered (∼6.67 yr of Fermi-LAT data; see Fig. 3c ). Our extrapolated powerlaw spectrum is also not consistent with the exponential cut-off measured with H.E.S.S. (Abramowski et al. 2012 ).
For the Crab and Vela OP components we adopted VHE spectra that are different from those obtained in our Fermi-LAT off-peak analysis. For the Crab nebula, extrapolating our power-law spectral fit to energies E >0.3 TeV would lead to overestimate the actual VHE flux of the Crab nebula, measured with MAGIC (Aleksić et al. 2015) . In our VHE simulations we, therefore, adopted the log- Fig. 6 for the CTA-South array. The dashed black line corresponds to the sensitivity curve calculated for the Vela pulsar accounting for both its duty cycle and the OP emission of its nebula. parabola model of Aleksić et al. (2015) . For the Vela PWN, in the simulations we adopted the H.E.S.S. spectrum extrapolated down to 0.04 TeV. To estimate the systematics at low energies (0.04−0.25 TeV) modeled by the H.E.S.S. spectrum, we performed other simulations of the Vela X region in the energy range 0.04-0.25 TeV using two different spectral models: (i) one with the spectrum of Vela PWN resulting from our analysis and (ii) another one with the H.E.S.S. spectrum. Using the H.E.S.S. spectrum of Vela PWN, we infer systematic uncertainties of the Vela pulsar spectral parameters of the order of ∼10% for the normalization factor and ∼2% for the spectral index. This is comparable with the corresponding statistical errors. The relative difference in the TS values of the Vela pulsar calculated in these two different cases is ∆TS/TS ∼ 5%. Similar estimates were performed in the range 0.04-0.75 TeV using the spectrum of the Vela PWN from 2FHL (blue line in Fig. 3c ). Performing simulations with the H.E.S.S. spectrum instead of that from 2FHL leads to a (systematic) fractional difference in the Vela pulsar detection significance ∆TS/TS ∼ 17%.
Our results are strongly dependent on the assumed spectral behavior of the pulsars above few hundreds GeV. We compare the extrapolated VHE spectral slope of the Crab pulsar (γ = 3.0 ± 0.2) with the most recent MAGIC results. Ansoldi et al. (2016) performed a joint spectral analysis of the Fermi-LAT and MAGIC data, fitting separately the emission of the main pulse P1 and the interpulse P2 with a power-law model. We estimated the spectral index γ F+M of the power law that fits the total emission of both peaks (P1+P2) 22 , obtaining γ F+M = 3.2 with a relative error of ∼ 3%. We conclude that the VHE spectrum of the Crab pulsar assumed in our simulations is consistent with that detected with MAGIC in the energy range 10 GeV -1.5 TeV (Ansoldi et al. 2016) .
Within the framework of 1FHL, Ackermann et al. (2013) proposed a criterion for the selection of good candidates for future VHE investigations. The criterion is as follows: (i) the source is significantly detected (N sigma 3) at energies E >30 GeV within 1FHL, (ii) the spectral index above 30 GeV is smaller than 3 and (iii) the flux above 50 GeV is E >10 −11 photons cm −2 s −1 . None of the HE Fermi pulsars, except those which have been already detected at VHE, passed these criteria. de Oña-Wilhelmi et al. (2013) estimated the number of gamma-ray pulsars detectable with CTA, assuming a 22 The calculations were performed using the JAGS program from http: //mcmc-jags.sourceforge.net/. Table 5 . Results of the power-law fit of the diffuse Galactic background (GDB) emission above 10 GeV for the off-peak phases. Normalization factors N GDB are renormalized to the total phase interval.
Pulsar
GDB spectrum J0534+2201 N GDB = 4.3 ± 0.8 γ = 2.4 ± 0.3 J0614−3329 N GDB = 0.9 ± 0.5 γ = 5.0 ± 1.0 J0835−4510 N GDB = 8.7 ± 1.7 γ = 2.5 ± 0.3 J1028−5819 N GDB = 6.6 ± 2.5 γ = 1.9 ± 0.3 J1048−5832 N GDB = 26.2 ± 1.8 γ = 2.6 ± 0.1 J1413−6205 N GDB = 83 ± 3 γ = 2.48 ± 0.06 J1809−2332 N GDB = 32.3 ± 1.9 γ = 2.47 ± 0.09 J2229+6114 N GDB = 6.7 ± 0.9 γ = 2.4 ± 0.2 Notes. N GDB is the normalisation factor of the GDB power-law spectrum in units of 10 −12 cm −2 s −1 MeV −1 sr −1 and γ is its spectral index (see equation 2). The reference energy E 0 used in the analysis is equal to 20 GeV. Errors include only statistical uncertainties.
power-law tail with spectral index γ = 3.52 above the cut-off energy for the 46 gamma-ray pulsars from the First Fermi-LAT Catalog of Gamma-ray Pulsars (Abdo et al. 2010a) . They found that about 20 pulsars might be detected in less than 50 h of dedicated observations with the baseline CTA configuration under such assumptions. We found a lower number of detectable pulsars, because our sample is smaller (the 12 most energetic Fermi pulsars) and the high-energy spectra of most of our pulsars, obtained from the Fermi-LAT analysis, are steeper (γ > 3.52). We estimated also the exposure times required for a significant detection of the point-like emission from pulsars of our sample above 0.04 and 0.1 TeV in the phase-averaged analysis. The OP emission was considered as background. Results for J0007+7303, J0534+2201, J0614−3329, J0835−4510, J1028−5819 and J2229+6114 are shown in Table 7 . All other pulsars will require unrealistically long observing times for a significant (S = 5) detection with CTA. The Crab pulsar will require a longer exposure to be detected than the Vela pulsar, since the contamination from the Vela PWN is lower than that from the Crab nebula below a few TeV and the Vela pulsar is brighter below 70 GeV.
CONCLUSIONS
We presented the prospects of pulsars detection at VHE with the next-generation IACT instrument -CTA. We simulated 50 h observations of each pulsar, considering such relatively short exposure times reasonable for a significant detection of the most energetic Fermi pulsars. In our most optimistic scenario CTA will detect 5-8 gamma-ray pulsars from our sample at very high energies (E >0.1 TeV). We also found that up to 5 pulsars are sufficiently bright for a significant VHE detection above 0.25 TeV with CTA. PSRs J0534+2201, J0614−3329 and J2229+6114 may possibly be detectable also above 1 TeV in 50 h. These conclusions are based on the assumption that there is no high-energy cut-off in the spectra of HE Fermi pulsars. Observations of these pulsars in the energy range from 0.1 up to several TeV will help us to clarify whether the VHE component discovered in the Crab pulsar is intrinsic also to other gamma-ray pulsars. Table 6 . Significances S of VHE pulsars detections during observations with the northern and southern CTA configurations for the phase-average (VHE-PhA) and the reduced-background (VHE-RB) analyses. The S-values are the square root of the corresponding test statistics (TS) in three energy bands (E >0.04, E >0.1 and E >0.25 TeV). t sim is the duration of the observations. ∆φ on is the on-peak phase interval.
